In this paper, we present a miniature fluidic flowmeter based on a packaged FBG and laser-heated fibers. The flow rates of water and hydraulic oil were measured by utilizing the proposed flowmeter. The measured results exhibited good sensitivity of 0.339 nm/(m/s) for water and 0.578 nm/(m/s) for oil flow. Experimental results showed that the sensitivity of the fluidic flow sensor is depending on the heat capacity of the fluids, where the fluid with higher heat capacity has higher sensitivity and lower detection limit at the same measurement condition. The real-time flow rates measured by the proposed sensor and a commercial flowmeter installed in the test rig were also compared, demonstrating good agreement with correlation coefficient of 0.9974.
INTRODUCTION
Fiber Bragg grating (FBGs) have been developed into various types of fiber-optic sensors to measure physical or biomedical parameters, such as strain, temperature, pressure, vibration, refractive index, molecular concentration, etc 1 . Because of the advantages of fast response, accurate detection, immunity to electromagnetic interference (EMI), and long-distance measurement, FBG sensors possess unique characteristics that conventional electrical-based sensors don't have. It has been reported that the temperature of FBG can be heated up by launching high power laser light into the fiber and then absorbed by the metal film (e.g. silver) coated on the surface of the grating 2, 3, 4, 5 . This type of device was demonstrated to measure the wind/gas flow as a hot-wire anemometry 6 . However, to heat the FBG, additional fibers or structures (such as multimode fiber 3 , LPG 4 , no-core fiber 5 ) are required so as to leak out the laser light from the core. Recently, we demonstrated another heating scheme by using Co 2+ -doped fibers 7, 8 , on which FBG can be inscribed and heated by the guided laser light directly. Good performance of measuring wind speed was obtained by detecting the heat loss on the self-heated FBG. Because the gas or air has very low heat capacity, it is very easy to heat the FBG to high temperature (e.g. hundreds of Celsius degrees). However, more laser power is needed to heat the FBG if placed into liquids, which generally have much higher heat capacity and viscosity as well, similar to the electrically-heated flow sensor 9 . In order to measure the fluidic flow rates, special design of heating configuration is needed, which is also driven by the requirements of precise measurement of the flow rates of hot oil, hot water and even the mixed phase of both in oil industry.
In general, hot-wire/films based on electrical heating are used to measure liquids flow rate, where the resolution varies from 0.002 m/s to 0.5 m/s, depending on the design and structures of the flow sensors 10 . Most of the micromachined flow sensors are aiming for the measurement of microfluidics. It is worthy to mention that in addition to thermal methods, FBGs are also employed to measure fluids' flow rate by detecting the force vertically applied on the grating or measuring the time delay of fluidic vortex signal 11, 12, 13 . In this paper, we present a novel thermal flow sensors integrated with a short FBG heated up by one or several Co 2+ -doped multimode fibers. The comparison of flow measurements is conducted for the single phase of water and hydraulic oil. Experimental results demonstrate that larger temperature difference between the flow sensor and oil can be obtained than water due to the higher heat capacity of oil. Particularly, the measured resolution of oil flow is 0.002 m/s, which is lower than that in water, i.e. 0.005 m/s. Because of the fast response and accurate discrimination of flow rate, the proposed miniature sensor is a potential candidate to measure fluidic flow in oil industry. Since FBG is utilized, it is also easy to implement multiplexing of a large number of the proposed flow sensors along the measurement path, which can be measured over very long distance. Fig. 1 shows the schematic figure of the proposed flow sensor, which consists of a short FBG written on single mode fiber surrounded by four identical Co 2+ -doped multimode fibers, which have core diameter of 50 µm. The length of FBG is only 3 mm to avoid chirp effect after being heated, and the Co 2+ -doped fibers are designed to have a length of 5 mm so as to surround the entire FBG. All the assembly is protected by a stainless steel tube having inner and outer diameter of 380 µm and 500 µm, respectively, in which the position of FBG and Co 2+ -doped fibers are precisely controlled. Note that due to the large core size of Co 2+ -doped fibers used, the temperature of the FBG can be easily heated up to hundreds of Celsius degrees (e.g. ~900 °C in air) by pumping the laser light with high optical power into multimode fibers. Even inside the fluids, temperature difference of about 200 °C can be obtained, this is highly depending on the heat capacity of the fluids. To characterize the temperature response with respect to pumping power inside different fluids, the flow sensor was placed inside water at room temperature, water at ~100 °C and hydraulic oil at ~130 °C, separately. Then the laser power was gradually increased to monitor the wavelength shift of FBG. The results are plotted in Fig. 1(b) . It can be observed that even though at different fluidic conditions, the temperature increase follows a reasonable linear relationship with respect to the pumping power, which is similar to the heating process of hot fibers 2, 8, 14 . On the same amount of pumping power, the temperature difference between the flow sensor and oil is larger than water because the heat capacity of the former fluid is ~1.88 J . The small difference of cold and hot water is probably due to slight change of heat capacity between the two phases of water. Taking the coefficient of wavelength shift of FBG versus the temperature into account, i.e. 10.7 pm/°C in experiment, about 200 °C temperature difference can be easily obtained inside the oil by pumping less than 2 W laser light. Note that even higher temperature difference can be achieved for oil and water phase, depending on the measurement requirements. The large temperature increase achieved in hot fluids makes it possible to measure the flow rates of hot oil and water in harsh environment.
CHARACTERISTICS OF THE FLUIDIC FLOWMETER
When the heated flow sensor is subjected to dynamic fluidic flow, heat is carried away by the fluids, which therefore reduce the temperature of the sensor head due to the heat convection. The FBG in the flow sensor functions as the temperature sensor. According to the principle of hot-wire anemometry and temperature dependence of FBG, the relationship between the Bragg wavelength and the flow velocity can be expressed by
where α is the coefficient of thermal expansion of silica, β is the thermal-optic coefficient, Λ is the pitch of FBG, and n eff is the effective index of the guided mode of the fiber; A, B are the empirical constants for the heat transfer of specific fluid, and H loss represents the heat loss at a given flow speed of v.
EXPERIMENTAL RESULTS OF FLOW MEASUREMENT
To demonstrate the performance of the proposed sensor to monitor the fluidic flow, the flow sensor was installed in a Plexiglas tube of a test rig at TNO, The Netherlands, as shown in Fig. 2(a) . The Plexiglas tube has an inner diameter of 25 mm, therefore an oil mass flow rate of 100 kg/h corresponds to 0.064 m/s in velocity. Fig. 2(b) plots the wavelength shift of measuring oil and water flow by increasing the flowing rates, respectively, where the pumping laser power was kept at 1.43 W. Due to the difference heat capacity of oil and water, the initial temperature increased at zero flow rate is different. The response of oil flow exhibits relatively higher sensitivity. For each step change of the flowing rate, the temperature of sensor head (Bragg wavelength) can get stabilized when the heat convection is in equilibrium. It can be seen that when the fluid started flowing pass the sensor surface, the temperature of the sensor decreased rapidly because of the heat convection. This also implies that the sensor is very sensitive to slow flowing rates. The measured data was fitted well via the Eq. (1). By calculating the first derivative of the fitted curve, the sensitivity can be estimated to be, for instance, 0.409 nm/(m/s) for oil flow and 0.22 nm/(m/s) for water flow at the rate of 0.2 m/s. The sensitivity varies at different rates owing to the non-linear response. At this particular condition of flowing rate and pumping power, the detection limit of measuring water and oil flow is 0.005 m/s and 0.002 m/s, respectively, considering the resolution of interrogator used is 1 pm. Fig. 2 (b) also shows that larger initial temperature difference gives higher measurement sensitivity. Therefore the sensitivity can be improved further by increasing the pumping laser power, as illustrated in Fig. 3(a) , where the sensitivity at the rate of 0.2 m/s for oil and water flow is plotted with respect to various pumping powers. Higher optical power means more light energy can be converted to heat at the sensing head, and thus leading to larger initial temperature difference, which is applicable for the fluids with higher heat capacity, i.e. water. Compared with water flow, it is relatively easy to get better sensitivity and resolution to measure oil flow by launching larger laser power. After the calibration of the flow sensor, the real time monitoring of oil flow was conducted. The results are plotted in Fig.  3(b) , where the flow rates measured by a commercial flowmeter installed in the test rig is also plotted for comparison. It can be seen that the heat-FBG flow sensor can discriminate very slight change in flow-rate, even the overshoot dip can be distinguished before the flow rate gets stable. The correlation of the flow rates measured by those two flowmeters is calculated to be 0.9974, indicating the good accuracy of the proposed sensor.
CONCLUSION
In conclusion, a novel fluidic flowmeter based on a compact integration of heated-FBG and Co 2+ -doped fibers is demonstrated. The experimental results of measuring hot water and hot oil flow rates are shown. The sensor shows different performance for the fluids with different heat capacities, which determines the initial heating temperature of the sensor. Higher pumping laser power results in larger initial temperature difference between the sensor and fluids, and eventually influences the sensitivity. The heated-FBG sensor has comparable to conventional electrical sensor and a correlation coefficient of 0.9974 for the measured results using both types of sensors is obtained experimentally. As single phase of water and oil is characterized individually here, it is also important to analyze the mixed phase of the fluids with high temperature as a view of practical use in oil industry, which is under investigation. The advantages of FBGs as well as the promising results make the proposed sensor a good candidate in flow monitoring of oil and gas industry.
